Li MS, Holstead RG, Wang W, Linsdell P. Regulation of CFTR chloride channel macroscopic conductance by extracellular bicarbonate. The CFTR contributes to Cl Ϫ and HCO 3
than when it contains Cl Ϫ . This difference appears to reflect differences in the ability of extracellular HCO 3 Ϫ and Cl Ϫ to interact with and repel intracellular blocking anions from the pore. Strong block by endogenous cytosolic anions leading to reduced CFTR channel currents in intact cells occurs at physiologically relevant HCO 3 Ϫ concentrations and membrane potentials and can result in up to ϳ50% inhibition of current amplitude. We propose that channel block by cytosolic anions is a previously unrecognized, physiologically relevant mechanism of channel regulation that confers on CFTR channels sensitivity to different anions in the extracellular fluid. We further suggest that this anion sensitivity represents a feedback mechanism by which CFTR-dependent anion secretion could be regulated by the composition of the secretions themselves. Implications for the mechanism and regulation of CFTR-dependent secretion in epithelial tissues are discussed. anion secretion; cystic fibrosis transmembrane conductance regulator; open channel block CYSTIC FIBROSIS (CF), a disease of deficient epithelial cell anion transport, is caused by genetic mutations that result in loss of function of the CFTR anion channel (15) . CFTR is expressed in many different epithelial tissues, and, as a result, CF is associated with lung, pancreatic, gastrointestinal, and reproductive disease (45, 46) . In CF patients, these epithelial tissues show reduced secretion of Cl Ϫ and HCO 3 Ϫ (5, 25, 42, 44, 51) ; the relative importance of loss of Cl Ϫ transport vs. loss of HCO 3 Ϫ transport to CF pathology is open to debate (6, 44, 57) . The CFTR channel is permeable to Cl Ϫ and HCO 3 Ϫ (25, 55) , and direct permeation of both of these anions through CFTR likely contributes to epithelial anion secretion (25, 26, 42, 44, 51) . However, CFTR also contributes indirectly to epithelial HCO 3 Ϫ secretion via regulatory interactions with Cl Ϫ /HCO 3 Ϫ exchange proteins of the SLC26 family (10, 19, 27) . Again, the relative importance of direct HCO 3 Ϫ transport by CFTR vs.
indirect, CFTR-regulated HCO 3 Ϫ transport by SLC26 proteins to overall epithelial cell HCO 3 Ϫ transport and their relevance to CF disease are the subject of current debate (24, 29, 51, 55) .
Since CFTR is expressed in the apical membrane of epithelial cells, its extracellular face is exposed to epithelial secretions in the luminal fluid; the composition of this fluid may change dramatically under different conditions. The most striking example is the pancreatic duct, which in humans can secrete a fluid containing up to 140 mM HCO 3 Ϫ following stimulation, and as HCO 3 Ϫ concentration ([HCO 3 Ϫ ]) in pancreatic juice increases, there is a concomitant decrease in Cl Ϫ concentration ([Cl Ϫ ]) (2) . Other CFTR-expressing epithelia may also experience changes in luminal [Cl Ϫ ] and [HCO 3 Ϫ ] (1, 3, 5, 7, 13, 25) , and there is evidence that some epithelia may "switch" between Cl Ϫ and HCO 3 Ϫ secretion, depending on the stimulus (8, 25, 30, 52, 56) . There is also increasing evidence that extracellular Cl Ϫ and HCO 3 Ϫ can regulate the activity (38, 58) and the ionic selectivity (41, 47) of CFTR, potentially allowing CFTR-dependent anion secretion to be regulated locally by the ionic composition of the secretions.
The activity of CFTR is not strongly dependent on membrane potential (4) , and, when studied in cell-free membrane patches, the current-voltage (I-V) relationship is near linear, indicating that Cl Ϫ conductance is similar for movement in either direction across the membrane (4, 15, 28) . In contrast, in cell-attached membrane patches, CFTR exhibits an outwardly rectified I-V relationship, meaning that currents are larger at depolarized voltages than at hyperpolarized voltages, implying that Cl Ϫ shows a greater conductance for influx into the cell than for efflux out of the cell. Outward rectification is observed in native epithelial (20, 23, 54) and cardiac (11, 39) cells and in heterologous expression systems (12, 40, 53, 59, 61) and is thought to reflect voltage-dependent block of open CFTR channels by cytosolic anions (4, 32, 53, 59, 61) . The nature of these blocking anions and their molecular mechanism of action are not known. Furthermore, although this block leads to a significant attenuation of Cl Ϫ efflux at hyperpolarized membrane potentials, we are unaware of any proposed physiological significance or regulatory function of this blocking phenomenon.
In the present study, we have taken advantage of the fact that mutant E1371Q-CFTR channels show constitutive, high levels of activity in baby hamster kidney (BHK) cells (61) to monitor and investigate voltage-dependent channel block in cell-attached patches. Importantly, use of this mutant allows us to isolate the effects of extracellular anions on the conductance of open channels from known effects on channel gating (38, 58) . Our results suggest that the strength of channel block underlying outward rectification in cell-attached patches is strongly regulated by extracellular anions, including Cl Ϫ and HCO 3 Ϫ . We propose that this confers on CFTR a novel mechanism of sensitivity to extracellular anions, whereby changes in the extracellular [Cl Ϫ ] and [HCO 3 Ϫ ], via changes in the strength of channel block by cytosolic anions, alter the overall amplitude of currents carried by open CFTR channels. Extrapolating these results on mutant channels to native epithelia, we further propose that alterations in sensitivity to endogenous channel blockers may represent a novel physiological mechanism by which CFTR channel currents are regulated by changes in external anion concentrations that may be relevant to epithelial cells that experience large changes in extracellular [Cl Ϫ ] and [HCO 3 Ϫ ].
MATERIALS AND METHODS
Experiments were carried out on BHK cells transiently transfected with mutant forms of human CFTR. All experiments were carried out in an E1371Q-CFTR background, the properties of which were described in detail recently (61) . In some experiments (see Fig. 6 ), additional mutations were introduced into this background using the QuikChange mutagenesis system (Agilent Technologies, Santa Clara, CA) and verified by DNA sequencing.
When expressed in BHK cells, E1371Q-CFTR forms constitutively active channels that are insensitive to stimulation by exogenous protein kinase A, suggesting that the activity of these channels is Fig. 1 . Anion-sensitive channel inhibition in intact cells. A and B: macroscopic currents carried by E1371Q-CFTR during depolarizing voltage ramps from Ϫ100 to ϩ60 mV, with Cl Ϫ -or gluconate-containing pipette solutions. In both cases, currents were recorded from cell-attached patches and immediately following patch excision to the inside-out configuration. Identity of CFTR currents was confirmed by addition of 20 M CFTRinh-172 to intracellular solution. In each case, zero current level is indicated by a dotted line. Vp, pipette potential. C and D: macroscopic current-voltage (I-V) relationships for patches in A and B following subtraction of leak currents recorded in the presence of CFTRinh-172, in on-cell and inside-out patch configurations. E: quantification of voltage-dependent inhibition of currents in intact cells. Macroscopic current amplitude in cell-attached patches is plotted as a fraction of current in the same patch immediately after excision to the inside-out patch configuration. Data are shown for Cl Ϫ -containing (OE; n ϭ 15 patches) and gluconate-containing (; n ϭ 18 patches) pipette solutions. *Voltage range over which there was a significant difference between these two conditions (P Ͻ 0.05). maximal, even in unstimulated cells (61) . This is important in the present study, where we wish to study effects on CFTR open channel conductance in the absence of large changes in channel open probability. Consistent with this, E1371Q and other mutations constructed in this background gave stable current amplitudes in cell-attached membrane patches and in excised, inside-out membrane patches under all ionic conditions investigated. Patch-clamp recordings of E1371Q-CFTR channel macroscopic currents were as described in detail recently (61) . Briefly, currents were recorded from cell-attached membrane patches following stabilization of seal resistance. Membrane patches were then excised to the inside-out patch configuration, currents were recorded for several minutes to ensure stability of current amplitude, and any further manipulation (e.g., addition of channel blockers) was carried out. At the end of the experiment, background (leak) currents were determined by addition of a high concentration (20 M) of the specific CFTR inhibitor CFTR inh-172 to the cytoplasmic solution (Figs. 1 and 2), as described previously (61) .
The pipette (extracellular) and bath (intracellular during inside-out patch experiments) solutions were based on a solution containing (in mM) 150 NaCl, 2 MgCl 2, and 10 N-tris[hydroxymethyl]methyl-3aminopropanesulfonate, with pH adjusted to 8.3 using NaOH. The bath solution also contained 1 mM MgATP to prevent slow channel rundown in inside-out patches. In some experiments, NaCl in the pipette solution was replaced by Na gluconate (150 mM) or partially replaced by equimolar substitution with NaHCO 3 (25-150 mM). HCO 3 Ϫ -containing solutions were made fresh every 2 h, bubbled with 5% CO 2 immediately before use, and maintained at high pH (8.3) to minimize decomposition into H2O and CO2 (55) .
In some experiments (see Fig. 5 ), the bath solution during insideout patch recordings was exchanged to switch between 150 NaCl and 150 mM NaHCO 3 in the intracellular solution. In these experiments, the bath was perfused continuously using different solutions, and solution exchange was complete in Ͻ60 s. All perfusate solutions contained 1 mM MgATP. Under these conditions, changes in current amplitude and reversal potential appeared reversible (see Fig. 5 ), consistent with stable E1371Q channel activity over time.
Current traces were filtered at 200 Hz using an eight-pole Bessel filter, digitized at 1 kHz, and analyzed using pCLAMP9 software (Molecular Devices, Sunnyvale, CA). Macroscopic I-V relationships were constructed using depolarizing voltage ramp protocols (33) . Background (leak) currents, determined following addition of CFTR inh-172 as described above, were subtracted digitally from I-V relationships. Membrane voltages were corrected for liquid junction potentials calculated using pCLAMP9 software. Because of uncertainty concerning the cell membrane potential during on-cell recordings, all membrane potentials are given as applied pipette potential (V P). In fact, since current reversal potentials did not appear to change appreciably following patch excision under any of the ionic conditions studied, we assume that Cl Ϫ is distributed very close to its electrochemical equilibrium and that cell membrane potential is close to zero. This would be expected for cells with a very high resting Cl Ϫ conductance cultured and studied in Cl Ϫ -rich extracellular solutions.
Fig. 2. Strong inhibition in intact cells with HCO 3
Ϫ -containing extracellular solutions. A: macroscopic currents carried by E1371Q-CFTR during depolarizing voltage ramps from Ϫ100 to ϩ60 mV with HCO 3
Ϫ -containing pipette solution. Currents were recorded from cell-attached patches and immediately following patch excision to the inside-out configuration and following addition of 20 M CFTRinh-172 to intracellular solution. Zero current level is indicated by dotted line. B: macroscopic I-V relationships for patch described in A following subtraction of leak current recorded in the presence of CFTRinh-172 in on-cell and inside-out patch configurations. C: quantification of voltage-dependent inhibition of currents in intact cells. Macroscopic current amplitude in cell-attached patches is plotted as a fraction of current in the same patch immediately after excision to the inside-out patch configuration. Data are shown for Cl Ϫ -containing (OE, n ϭ 15 patches) and HCO 3 Ϫ -containing (, n ϭ 12 patches) pipette solutions. Data for Cl Ϫ are the same as in Fig. 1 . *Voltage range over which there was a significant difference between the two conditions (P Ͻ 0.05).
Macroscopic current reversal potential (Vrev) in inside-out membrane patches was estimated by fitting a polynomial function to the leaksubtracted I-V relationship and was used to calculate the permeability of HCO 3 Ϫ relative to that of Cl Ϫ (PHCO3/PCl) as follows
where [X]o and [X]i represent extracellular and intracellular anion concentrations, respectively, and R, T, and F have their usual thermodynamic meanings. Experiments were carried out at room temperature (21-24°C). Values are presented as means Ϯ SE. Significance was determined by Student's two-tailed t-test, with P Ͻ 0.05 being considered statistically significant. All chemicals were obtained from Sigma-Aldrich (Oakville, ON, Canada).
RESULTS
Outward rectification of the CFTR I-V relationship in intact cells has been observed in many cell types and is thought to reflect voltage-dependent channel block by cytosolic anions (see the introduction). Recently, we used constitutively active E1371Q-CFTR channels expressed in BHK cells to quantify the degree of channel inhibition that underlies this outward rectification in intact cells (61) . In this previous study (61) , voltage-dependent inhibition appeared instantaneous during hyperpolarizing voltage steps delivered during cell-attached patch recordings, leading to outward rectification of the I-V relationship. Consistent with this apparently rapid blocking action, we observed similar outward rectification using depolarizing voltage ramps during cell-attached patch recordings with a high extracellular Cl Ϫ concentration (154 mM) ( Fig. 1 , A and C). Immediately after removal of the patch to the inside-out configuration, inward currents were increased in amplitude and inward rectification was removed, resulting in a near-linear I-V relationship (Fig. 1, A and D) . With use of a low extracellular Cl Ϫ concentration (4 mM: Cl Ϫ replaced by gluconate), inward currents were small and outwardly rectified during cell-attached patch recordings, and current amplitude was greatly increased following patch excision (Fig. 1, B and C). Indeed, the degree of inhibition observed in intact cells, quantified as the current amplitude during cell-attached patch recordings as a fraction of that immediately following excision to the inside-out configuration, was significantly greater with gluconate-than Cl Ϫ -containing extracellular solutions (Fig.  1E ). As discussed previously (61) , this Cl Ϫ dependence sug- Ϫ -containing pipette solutions. In each case, currents were recorded after they had attained a stable amplitude in inside-out patches, before (control) and after addition of 10 M NPPB to intracellular (bath) solution. B and C: mean fraction of control current remaining following addition of this concentration of NPPB as a function of voltage, with Cl Ϫ -containing, gluconate-containing (B) or HCO 3 gests that the blocking effects of cytosolic anions are weakened by Cl Ϫ entering the pore from the opposite end, most likely via an electrostatic "knock-off" mechanism (61). In contrast, the lack of change in apparent current reversal potential following patch excision suggests that changes in intracellular [Cl Ϫ ] do not make a significant contribution to differences in current amplitude in cell-attached vs. inside-out patches. Figure 2 shows the results of a similar experiment in which extracellular NaCl was replaced by 150 mM NaHCO 3 . As with gluconate, currents in cell-attached patches were small and outwardly rectified with HCO 3 Ϫ and were greatly increased in amplitude following patch excision to the inside-out configuration (Fig. 2, A and B) . Under these conditions in inside-out patches, the macroscopic current reversal potential was ϩ50.9 Ϯ 1.8 mV (n ϭ 12), giving a P HCO3 /P Cl (according to Eq. 1) of 0.12 Ϯ 0.01 (n ϭ 12). Again, as with gluconate, the degree of current inhibition observed in intact cells was significantly greater with HCO 3 Ϫ -than with Cl Ϫ -containing extracellular solutions (Fig. 2C ), suggesting that HCO 3 Ϫ cannot effectively substitute for Cl Ϫ in "knocking off" the inhibitory effects of cytosolic anions. Again, the lack of change in apparent current reversal potential following patch excision under these conditions suggests that changes in intracellular [Cl Ϫ ] do not make a significant contribution to differences in current amplitude in cell-attached vs. inside-out patches. It is not clear whether the weak knock off seen with external HCO 3
Ϫ is related to the low relative permeability of this anion.
The proposed knock-off mechanism that confers trans-[Cl Ϫ ] dependence on intracellular blocker potency has frequently been reported for CFTR open channel blockers in excised membrane patches (17, 18, 32, 36, 48, 60) . As shown in Fig. 3 , the blocking effects of one such open channel blocker, 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), were significantly stronger when the extracellular solution contained gluconate (Fig. 3, A and B) or HCO 3 Ϫ (Fig. 3, A and C) than when the extracellular solution contained Cl Ϫ . This confirms that gluconate and HCO 3 Ϫ are less able to generate knock off of intracellular open channel blockers in E1371Q-CFTR than is Cl Ϫ . This is consistent with the differences in apparent current inhibition in cell-attached patches, with these extracellular anions being the result of reduced knock off of cytoplasmic blockers compared with Cl Ϫ .
In epithelial tissues under physiological conditions, CFTR channels may be exposed to extracellular solutions containing Cl Ϫ and HCO 3 Ϫ in differing ratios (see the introduction). We were therefore interested in investigating the effects of extracellular solutions containing both Cl Ϫ and HCO 3 Ϫ on CFTR currents in cell-attached patches. Figure 4 shows the effects on inhibition in cell-attached patches (at Ϫ100 mV; Fig. 4A ) and on NPPB block in inside-out patches (at Ϫ80 mV; Fig. 4B ) as HCO 3 Ϫ mole fraction in the extracellular solution is varied by equimolar substitution by Cl Ϫ . In both cases, apparent interactions with intracellular blockers were significantly strengthened when as little as 33% of external Cl Ϫ was replaced by HCO 3 Ϫ (104 mM Cl Ϫ ϩ 50 mM HCO 3 Ϫ ; Fig. 4, A and B) . We also monitored P HCO3 /P Cl as HCO 3 Ϫ mole fraction was varied (Fig. 4, C and D) . At relatively low extracellular Cl Ϫ concentrations at which P HCO3 /P Cl could be reliably estimated, P HCO3 /P Cl appeared concentration-independent and was in the range 0.11-0.16 (Fig. 4D ). Interestingly, P HCO3 /P Cl for E1371Q-CFTR estimated using a high concentration of extra-cellular HCO 3 Ϫ (0.12 Ϯ 0.01, n ϭ 12; Fig. 4D ) was significantly lower (P Ͻ 0.02) than that under the reversed ionic gradient (150 mM internal HCO 3 Ϫ , 154 mM external Cl Ϫ ; Fig. 5 ). Under these conditions, perfusion of the internal face of membrane patches with different solutions gave P HCO3 /P Cl (from Eq. 2) of 0.17 Ϯ 0.02 (n ϭ 4; Figs. 4D and 5), and the change in reversal potential was fully reversible on return to 154 mM internal Cl Ϫ (Fig. 5) .
The nature of the cytosolic anions producing inhibition under cell-attached conditions is not known. However, we may be able to gain some insight into the molecular mechanism of inhibition using channel mutants known to affect interactions with intracellular open channel blockers. The effects of such blockers have been shown to be altered following neutralization (by mutagenesis) of positively charged residues in the CFTR channel, including K95 (31), R303 (49) , and K978 (37). To investigate whether these positively charged residues influence the strength of channel block by cytosolic anions in intact cells, we neutralized these charges in an E1371Q background. Figure 6A shows macroscopic currents carried by K95Q/ E1371Q-, R303Q/E1371Q-, and K978Q/E1371Q-CFTR in cell-attached patches and immediately after patch excision to the inside-out configuration with use of gluconate-containing extracellular solutions to promote strong channel block by cytosolic anions. Comparison of the fractional current in cellattached patches seen in these mutants with those for E1371Q under the same ionic conditions ( Fig. 1) suggests that block of each of these mutants is weakened under cell-attached conditions, particularly at hyperpolarized voltages, where block is usually strongest (Fig. 6B) . Interestingly, the effects of the K95Q and R303Q mutations did not appear additive, with the K95Q/R303Q/E1371Q mutant showing relief of block following patch excision similar to that shown by K95Q/E1371Q (Fig. 6 ). Although channels bearing the K95Q mutation did give smaller currents in cell-attached patches than those seen following patch excision, this effect appeared voltage-independent, in contrast to the clearly voltage-dependent inhibition of E1371Q (Fig. 6B ). We speculate that this weak, voltageindependent inhibition may reflect channel block by uncharged cytosolic substances, since small uncharged substances have been shown to block the channel weakly from its intracellular end (32) . In fact, because of its low single-channel conductance (16) and weakened interactions with intracellular Cl Ϫ , as well as blocking anions (31), K95Q could, in theory, show increased susceptibility to block by uncharged substances. At Ϫ100 mV, all the mutants significantly weakened the apparent block observed in cell-attached conditions (Fig. 6C) , with K95 appearing to be the most important positive charge supporting block under these conditions. This suggests that voltage-dependent current inhibition in intact cells shares a common molecular mechanism with open channel blockers, namely, physical occlusion of the channel pore by negatively charged substances that interact with fixed positive charges in the pore's inner vestibule.
DISCUSSION
It has long been supposed that CFTR channels in intact cells are subject to voltage-dependent block at hyperpolarized voltages by unknown cytosolic factors. Our present results suggest that current inhibition in intact cells is the result of a mechanism much like that of known open channel blockers, namely, voltage-dependent entry of cytosolic anions into the inner vestibule of the pore, facilitated by electrostatic interactions with fixed positive charges in the permeation pathway (including K95, R303, and K978) and occlusion of Cl Ϫ permeation.
As described in the introduction, CFTR-expressing epithelial cells are exposed to varying concentrations of Cl Ϫ and HCO 3 Ϫ in the luminal (extracellular) solution. Although for technical reasons (see below) we have studied only mutant CFTR channels, we propose that the different effects of Cl Ϫ and HCO 3 Ϫ on channel block in intact cells that we have observed have important implications for epithelial cell function ( Fig. 7) . During periods of secretion of Cl Ϫ -rich fluids (Fig. 7B ), we propose that external Cl Ϫ will promote knock off of cytosolic blocking anions, weakening channel block and increasing overall channel conductance at hyperpolarized membrane potentials. In contrast, during periods of secretion of HCO 3 Ϫ -rich fluids (Fig. 7C) , knock off of cytosolic blocking anions will decrease, strengthening channel block and decreasing channel conductance at hyperpolarized membrane potentials, which would lead to a decrease in overall CFTR channel function at these voltages. The logical conclusion of this model is that overall CFTR channel function will be increased during Ϫ in E1371Q-CFTR. A: macroscopic currents carried by E1371Q in an inside-out patch during depolarizing voltage ramps from Ϫ100 to ϩ60 mV with Cl Ϫ -containing pipette solution. Currents were recorded after they had attained a stable amplitude in inside-out patches, during perfusion with Cl Ϫ -or HCO 3 Ϫ -containing intracellular (bath) solutions and following addition of 20 M CFTRinh-172 to intracellular solution. Zero current level is indicated by dotted line. B: macroscopic I-V relationships for patch in A following subtraction of leak current recorded in the presence of CFTRinh-172, when intracellular solution contained Cl Ϫ or HCO 3 Ϫ .
periods of Cl Ϫ secretion and decreased during periods of HCO 3 Ϫ secretion. This effect occurs predominantly at hyperpolarized membrane potentials that are physiologically relevant to epithelial cells and is observed at relatively modest external HCO 3 Ϫ concentrations (Fig. 4A ). All other factors being equal, this mechanism could lead to an ϳ50% decrease in CFTR conductance during periods of HCO 3 Ϫ vs. Cl Ϫ secretion (Fig. 4A) .
CFTR is a phosphorylation-dependent anion channel, and channel activity is regulated predominantly by signals that lead to activation of protein kinase A and other protein kinases (14, 22, 28) . However, the present work adds to recent evidence that CFTR-mediated transport may also be sensitive to changes in anion concentrations in the extracellular solution (38, 41, 47, 58) . In native epithelial cells, we would expect changes in external [Cl Ϫ ] and [HCO 3 Ϫ ] to alter open channel conductance (present study) and channel open probability (38, 58) ; the use of the constitutively active, gating-defective E1371Q-CFTR mutant in the present study was therefore important to isolate and characterize anion effects on open channels. Luminal Fig. 6 . Pore mutations alter current inhibition in intact cells. A: macroscopic I-V relationships for channel mutants (in an E1371Q background) following subtraction of leak currents recorded in the presence of CFTRinh-172 in on-cell and inside-out patch configurations with gluconate-containing pipette solutions. B: quantification of current inhibition in intact cells. Macroscopic current amplitude in cell-attached patches is plotted as a fraction of current in the same patch immediately after excision to inside-out patch configuration for the named mutant () and for E1371Q as control (OE, see Fig. 1 ). C: mean fractional current at Ϫ100 mV for each channel variant. Values are means for 18 (for E1371Q) and 5-7 (for other mutants) patches. Significant difference from E1371Q: *P Ͻ 0.02; **P Ͻ 0.00001.
[Cl Ϫ ] and [HCO 3
Ϫ ] change dramatically and reciprocally during stimulation of CFTR-mediated secretion in the pancreas, and similar changes may also occur in the secretions of other CFTR-expressing epithelia (see the introduction). Downregulation of CFTR channel open probability (58) and conductance (present study) could then allow CFTR to function as the sensor in a local feedback loop that controls epithelial cell anion secretion. Ϫ secretion and relatively high during Cl Ϫ secretion. While the reasons why CFTR channel activity should be regulated by external anion concentrations are not known, we speculate that one possible reason might be because high levels of CFTR activity could, in fact, be detrimental to the secretion of highly HCO 3 Ϫ -rich fluid. Anion efflux via CFTR would depolarize the apical membrane, favoring HCO 3 Ϫ reabsorption, and (because of the HCO 3 Ϫ permeability of CFTR itself) also provide an electrodiffusional pathway by which HCO 3 Ϫ reabsorption could take place. A speculative logical extension of this idea is that direct CFTR-mediated anion transport might be important during secretion of moderately HCO 3
Ϫ -rich fluids but that its relative importance might decline during secretion of very HCO 3 Ϫ -rich fluids. Although voltage-dependent block of CFTR by cytosolic anions has been proposed many times previously (see the introduction), we are not aware of any previous suggestion that this phenomenon may play a part in the physiological regulation of CFTR channel function. We suggest that this voltagedependent blocking mechanism, because it is sensitive to physiologically relevant changes in external anion concentrations, may be a way of linking channel activity with the composition of epithelial secretions. In other ion channel types, conductance is regulated by endogenous open channel blocking molecules. For example, inwardly rectifying K ϩ channels are blocked by cytosolic polyamines and Mg 2ϩ (35, 50) , and N-methyl-D-aspartate receptor channels are blocked by extracellular Mg 2ϩ (9) . In these examples, voltage-dependent block confers physiologically relevant strong voltage dependence on overall channel function. While block in these examples may be strongly sensitive to permeant ion concentrations due to knock off of block (35, 43, 50) , it seems unlikely that changes in the concentration of permeant ions would be large enough to be a physiologically relevant regulator of channel activity via alterations in the degree of channel block. Alterations in the knock off of endogenous blocking molecules as a result of physiologically relevant changes in permeant ion concentrations, such as we propose here for CFTR, may therefore be a novel way in which ion channel function is regulated.
The HCO 3 Ϫ permeability of E1371Q-CFTR ( Fig. 4 ) was comparable to that reported many times previously for wildtype CFTR in epithelial cells and heterologous expression systems (25, 55) . In fact, our finding that P HCO3 /P Cl was significantly greater for intracellular HCO 3 Ϫ than extracellular HCO 3 Ϫ (Fig. 4D ) confirms previous findings (21, 34) , although the permeability difference was smaller in the present study than that reported previously for wild-type CFTR (P HCO3 /P Cl ϭ 0.11-0.13 for internal HCO 3 Ϫ and ϳ0.25 for external HCO 3 Ϫ ) (21, 34) . This side-dependent difference in relative permeability has also been observed for other large anions, leading to the idea that CFTR forms an organic anion efflux pathway (33) . We also found that P HCO3 /P Cl for external HCO 3 Ϫ appeared independent of ionic conditions over the limited range of [Cl Ϫ ] and [HCO 3 Ϫ ] that we were able to study (Fig. 4D) . This is consistent with our recent finding that the Fig. 7 . Cartoon model of proposed CFTR regulation by cytosolic blocking ions and extracellular permeant ions. A: mechanism of voltage-dependent current inhibition and I-V rectification in intact cells. At hyperpolarized membrane potentials (left), cytosolic anions (red) enter pore inner vestibule, blocking anion efflux (green). At depolarized membrane potentials (right), cytosolic anions are driven from pore inner vestibule, allowing anion influx. B and C: regulation of channel blocker interactions by external anions. B: during periods of epithelial Cl Ϫ secretion, high Cl Ϫ concentration in extracellular solution (green) leads to repulsion of cytosolic blocking ions from the pore, allowing anion efflux (right). C: during periods of epithelial HCO 3 Ϫ secretion, combination of high HCO 3 Ϫ concentration (brown) and low Cl Ϫ concentration in extracellular solution does not promote repulsion of cytosolic blocking ions from the pore, leading to enhanced channel block and preventing anion efflux (right).
permeability of internal HCO 3
Ϫ is independent of ionic conditions (55) but contrasts with earlier suggestions that the P HCO3 / P Cl of CFTR could "switch" under different ionic conditions (41, 47) . Specifically, it has been reported that CFTR can switch to a high HCO 3 Ϫ permeability mode under low external [Cl Ϫ ] conditions (47) . However, our present results corroborate earlier direct electrophysiological evidence from wild-type CFTR (34) that HCO 3 Ϫ permeability is low when external [Cl Ϫ ] is low (Fig. 4D ). Our hypothesis that CFTR activity is decreased under low external [Cl Ϫ ] conditions may point to one potential reason for this discrepancy. If CFTR coexists with other HCO 3 Ϫ transport pathways, then as external [Cl Ϫ ] is decreased, the relative contribution of CFTR may also decrease. If other HCO 3 Ϫ transport pathways are more selective for HCO 3 Ϫ over Cl Ϫ , then this will lead to an apparent increase in the relative HCO 3 Ϫ "permeability" of overall anion transport. A variety of different epithelial cells secrete both Cl Ϫ and HCO 3 Ϫ in a CFTR-dependent manner (25, 26, 42, 44, 51) , and it is not well understood how complex relationships between these anions, CFTR, and other anion transport proteins result in regulated anion secretion. The present work adds to increasing evidence that, in addition to being transported substrates of the CFTR channel (25, 55) , Cl Ϫ and HCO 3 Ϫ can directly influence the functional properties of CFTR (38, 41, 47, 58) . The interactions between CFTR and these anions potentially provide a local feedback system in which the anion transport function of CFTR is regulated by its transport substrates. By using heterologously expressed, constitutively active CFTR channels, we have been able to demonstrate a mechanism by which extracellular Cl Ϫ and HCO 3 Ϫ can regulate CFTR channel conductance. The importance of this regulatory mechanism to control of CFTR in native epithelial cells, in the context of other important interactions between transported anions, the CFTR protein, and other anion transport proteins, remains to be determined.
